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Recent studies of whole body vibration in seated postures have suggested that the neuromotor 
system may play a role in the etiology of low back disorders.  A number of researchers have 
modeled whole body vibration transmission to the low back, spine and head.  However, no 
model to our knowledge has examined the transmission of mechanical vibration to muscle 
shortening/lengthening, the neuromotor system and reflex muscle activation.  In addition, only a 
few studies have examined biodynamic vibration transmission in the fore-aft (anterior-posterior) 
direction. In this work, transmission of fore-aft vibration to the spine rotation and erector spinae 
muscle activation was assessed and a model of the motion was created. 
Ten healthy young subjects (5 male, 5 female, age 243 years, height 1.6  0.04 m, weight 69  
4 kg) were assessed. Subjects were screened for low back pain and other neuromuscular 
disorders. The KU-L Human Subjects Committee approved this study and all subjects gave 
informed consent. A Ling 1512 electro-dynamic shaker was used to create fore-aft vibration. 
Data from tri-axial accelerometers on the seatpan and attached to the skin at the T10 spinous 
process, an electrogoniometer across the lumbar spine, electromyography (EMG) on the erector 
spinae (ES) muscles at L2/L3 were collected during vibration.  EMG data were filtered, rectified, 
integrated and normalized to a maximum obtained prior to vibration exposure.  A running 
average method was used to analyze and obtain a single ensemble average of the processed data 
for a vibration period.  Responses to fore-aft seatpan vibration (3 Hz to 14 Hz, 1 m/s^2  RMS 
and 2 m/s^2  RMS) both with and without a backrest were measured.  From the ensemble 
averages, trunk acceleration transmissibility (seatpan acceleration to T10 accelerometer), 
vibration transmitted to lumbar rotations (seatpan acceleration to electrogoniometer), vibration-
2 
 
induced muscle activity (seatpan acceleration to ES EMG) and muscle activity relative to lumbar 
rotation (electrogoniometer to ES EMG) were calculated.  
A lumped parameter model was created with two lumped masses representing head-arm-trunk 
(HAT) and the pelvis-legs connected with linear and rotational dampers and springs. Muscle 
dynamics were introduced to the model. The parameters for the model were based on weights of 
the experimental subjects and anthropometric data from literature.  Using Lagrangian dynamics, 
a linearized state-space model was created.  This model was used to compare the model to the 
experimental data.  In addition, using Simulink in MATLAB, the vibration experiment was 
simulated.  
 
The fore-aft trunk acceleration transmissibility declined with increasing frequency consistent 
with previous research and increased with the presence of a backrest. Transmissibility was found 
to be greater at 2 m/s^2 RMS compared to 1 m/s^2 RMS. It was observed that the vibration 
induced lumbar rotations declined with frequency similar to trunk acceleration transmissibility 
but with little change in the presence of a backrest. Examining the relationship between muscle 
activity and lumbar rotation, the magnitude of muscle activity was found to be mostly linearly 
related to the magnitude of lumbar rotation, suggesting that lumbar rotation is eliciting the 
muscle response. The peak muscle activity was delayed relative to peak trunk acceleration, with 
delays of 390ms at 3Hz to 43ms at 14Hz, suggesting a transition from voluntary to reflex muscle 
activation.  The model was found to exhibit a similar pattern of fore-aft vibration transmissibility 
and lumbar rotation as found experimentally.  It was also found to exhibit similar patterns of 
both fore-aft and vertical vibration transmissibility and lumbar rotation as previously reported in 
the literature.   
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In this work, transmissibility of fore-aft vibration to the low back was found to be consistent with 
previous literature.  Muscle activity in fore-aft vibration was found to correspond to lumbar 
rotation with delays that suggest a transition from voluntary to reflex-modulated erector spinae 
muscle response.  A mechanical model of trunk dynamics has been created and found to have 
similar transmissibility and lumbar rotations as were observed experimentally. A Hill-type model 
of muscle dynamics was added to the basic model to assess the model behavior relative to the 
muscle activity. The model results were compared and validated using experimental predictions. 
















1.1 Lower Back Pain (LBP): 
 
One of the most severe and costly problems in public health is the occurrence of lower back pain 
(LBP) [1-5]. LBP and low back disorders (LBD) are considered as a leading cause of worker 
disability compensation and a common cause for loss of work hours [6]. In the United States 
alone, an estimated 80 billion dollars is associated annually with LBP and LBD [7]. The growth 
rate of LBP is much higher when compared to population growth [8]. 37% of the LBP 
worldwide is attributed to occupation with a twofold variation across the regions [9]. Chronic 
LBP is reported as a reason for early retirement in many countries [10].  Studies have shown that 
LBP affects men more than women because of higher participation in physical labor [9].  
Workers compensation claims for the lower back (LBP and LBD) include injury classification 
ranging from general muscle pain to specific disorders such as strain, sprain, inflammation, 
rupture and hernia [11].  However, it is not uncommon for the source of pain in the lower back to 
remain unidentified.  LBP and LBD are an increasing burden for the economy and a challenge 
for engineering and medicine.  
 
1.2 Risk Factors for Developing Lower Back Injury: 
 
Although LBP is the most commonly known disabling musculoskeletal symptom, there is still 
limited understanding regarding the different risk factors and mechanism of injury. Heavy lifting, 
lifting loads in awkward postures, repetitive work, prolonged static seating, and repetitive work 
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in whole body vibration environments, increased lumbar lordosis; pulling-pushing, mechanical 
stresses, sedentary/irregular lifestyle, obesity, personal habits, and psychological stresses have 
been identified as risk factors in the etiology of LBP [12-25]. Loading of soft tissues in 
prolonged static postures (either standing or sitting) is also associated with LBP [26]. Two 
prevailing theories exist for the mechanism of these injuries. The first is that injury is due to 
direct overloading of spine tissues (and intervertebral compression). The second suggests that the 
muscles around soft tissues do not respond quickly or strongly enough to perturbations in spine 
posture, leading to local dynamic instability [27]. 
 
1.3 Posture:  
 
 
Standing and sitting postures have specific advantages and disadvantages for mobility, energy 
consumption, exertion of force, coordination and muscle control [26]. In sitting postures, the 
center of gravity is typically forward of the spine, requiring the muscles in spine to 
counterbalance it through a short lever arm and resulting in compression of the intervertebral 
discs [28]. The risk of LBP occurrence is higher in occupations requiring prolonged sitting. 
Prolonged sitting hours with a little freedom to change the posture may lead to occurrence of 









1.4 Whole Body Vibrations and Lower Back Pain: 
 
Whole body vibrations has been identified as a major risk factor for LBP and LBD [32]. 
Professional drivers of buses, trucks and heavy earth moving equipment are subjected to whole 
body vibration and this vibration has been associated with discomfort and pain in the lower back, 
spine and neck [2, 21, 30-31]. Literature reviews have concluded that there is a positive 
relationship between Lower Back Pain (LBP) and Whole Body Vibrations (WBV [26, 33-47]. 
Spinal damage risk may arise from forces acting on spine. These forces are the direct or indirect 
products of the vibration which alters dynamic control and motion of the lumbar spine [27, 48-
49]. An understanding of mechanical response of the lumbar spine to whole body vibration may 
yield insight into possible mechanisms of lower back injury.  
1.4.1 Whole Body Vibrations: Definition 
 
Vibrations are present in many situations of everyday life. Sources of vibrations can be found in 
a wide range of transportation devices or working tools.  Furthermore, in many sport activities 
significant vibration load occurs, such as inline-skating, surfing, skiing, horse riding or off-road 
biking.  In day to day activities, the human body is exposed to various whole body vibrations 
from different sources. Whole body vibrations are defined as vibrations that occur when the 
subject is in contact with a vibrating surface. The contact can be in sitting, standing or lying 
postures. WBV refers to “mechanical energy oscillations which are transferred/transmitted to the 
body as a whole (in contrast to specific body regions such as the hand), usually through a 
supporting system such as a seat or platform” [50]. Such vibrations can occur in horizontal (fore-
aft or anterior-posterior), vertical or lateral (left-right) directions relative to the body. Typical 
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exposures include: driving automobiles and trucks, piloting helicopters and other aircraft and 
operating industrial vehicles such as off-road construction vehicles and forklifts. Transmission of 
WBV to the human body in these various postures and exposures and the methods for evaluation 
of this transmission are important to assess. 
 
1.5 Overview of Whole Body Vibration Research in General:  
 
Experimental studies have used periodic, single frequency vibrations to investigate the human 
response to vibration because of the ease in producing such vibration signals [2, 31, 40-41, 48, 
51-64]. In practice, on the other hand, vibration exposure in the workplace can be complicated 
combinations of multi-frequency, multi-directional vibration and impulse-like shocks. Vibrations 
with random characteristics are very often encountered in day to day vibration environments. It 
has been reported in the literature that the human body is more sensitive for random or stochastic 
vibration [31, 40, 46, 51-52, 56, 65-66].  As the vibrations are transmitted to the body, the effects 
of vibrations are influenced by factors such as body postures, type of seating, magnitude of 
vibration, and frequency of vibration [41]. Duration of exposure is also an important factor in 
injury risk [23, 67-68]. A study in the Netherlands by Bongers et al [67] using a retrospective 
follow up study of crane operators exposed to whole body vibrations, has found that the crane 
operators with more than five years of exposure to WBVs are almost three times more at risk of 





In summary, the literature advances the following conclusions based on the epidemiological 
evidence: 
 Occupational exposure to WBV may contribute to an increased risk of injuries and 
disorders of lower back. 
 Whole body vibrations in combination with prolonged seated posture may result in risk 
of injuries and disorders of lower back. 
 Understanding the transmission of vibration to lumbar spine and trunk musculature is 
necessary to understand the possible mechanism for lower back injury. 
While the association between WBV and LBP has been established the exact mechanism of 
injury is unknown. Suggested mechanisms include muscle fatigue, intervertebral creep and 
altered proprioception. 
1.5.1 Vibration-Induced Muscular Fatigue: 
 
 
Muscle fatigue has been suggested as one of the possible mechanisms for lower back injury [69-
70]. Muscle fatigue and lack of recovery of fatigue are potential forerunners for lower back 
injury  [71-72]. Muscle fatigue alters the dynamic stability of spine, potentially increasing the 
risk of lower back injury [49, 73-74].  It has been reported that neuronal and muscular 
components play a part in the mechanism of fatigue in vibration environments [75]. Muscle 
activity increases significantly with WBV, however the magnitude of increases in muscle 
activity was found to vary for different muscle groups.  Electromyography sensors (EMG) are 
most commonly used for analyzing muscle fatigue due to Vibrations. Muscle fatigue is 
characterized by a shift in the power spectrum towards lower frequencies with simultaneous 
increase in EMG amplitude [27, 40]. Studies have shown an increased muscle activity during 
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vibration exposure with higher magnitudes than the ones observed during voluntary muscle 
activity [69, 76-77]. It was also observed that WBV increased motor neuron excitability because 
of more efficient use of reflex pathways [56, 76, 78]. It was also suggested that WBV provokes 
shortening and lengthening in muscles which stimulate sensory receptors which can activate 
alpha motor neurons leading to muscle contractions eliciting the tonic vibration reflex [56, 79-
81]. Sensory motor response is therefore a likely contributor to increase in muscle contraction 
thus to develop muscle fatigue [71]. 
1.5.2 Vibration-Induced Mechanical Creep: 
 
 
Creep is the tendency of the material to gradually deform under the influence of stresses. The 
extent of deformation can be an irreversible plastic phenomenon.  Mechanical creep is a function 
of exposure time, load and magnitude of load. Creep after constant loading is rather extensive in 
soft muscles. Soft muscles or tissues which possess visco-elastic properties show creep and stress 
relaxation when subjected to repetitive loading [82-84]. Creep within visco-elastic tissues can 
cause desensitization of mechanoreceptors [85] and the mechanoreceptors response to CNS 
reduces greatly as the tissues underwent creep [85-88].   Adams [83] studies have observed a 
prolonged creep after a long period of driving, greatly reduced stress in anterior annulus and 
increased peak stress in posterior annulus [82-83]. Visco-elastic properties of the intervertebral 
disc allows the spine to undergo creep and studies have shown that mechanical response is 
different in degenerated discs which can be attributed to attenuated ability to absorb shocks[89]. 
WBV in seated postures increases the loss of height of spine [90] and the majority of this loss is 
a direct result of mechanical creep of the intervertebral disc [91-93].   
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1.5.3 Whole Body Vibration Effects on Proprioception: 
 
 
Proprioception (our own perception) is our body sense or ability to sense stimuli arising within 
the body. It enables us to monitor the position of our body involuntarily depending on receptors 
in muscles, tendons and joints. Learning any new motor skill involves training our own 
proprioceptive sense. Proprioception coordinates the CNS and  internal peripheral areas of the 
body that contribute to postural control, joint stability, and several conscious sensations [94]. 
Proprioception is also suggested as a possible mechanism for lower back injury [49]. Vibration 
induced changes in proprioception in the lower back due to exposure to paraspinal muscle 
vibrations were demonstrated by Brugmagne‟s studies [95]. Studies have shown that WBV can 
simulate proprioceptive system leading to increased errors in proprioception [49, 96-97]. 
Li‟s[49] investigation showed that the position sense error increased 1.58 fold on exposure to 5 
Hz vertical seat pan vibration for 20 minutes. Studies by Roll [98] have suggested that exposure 
to vibration between frequencies 10 to 120 Hz results in altered proprioception. Li‟s study also 
observed that subjects with a history of LBP had a significantly lower proprioceptive keenness 
compared to a healthy volunteer. Studies have also revealed that proprioception modified during 
vibration exposure remains for certain time even after vibration is removed [99-100].  The 
computational model developed by Li to assess the effects of loss in proprioception on dynamic 
response indicated delays in muscle response which could lead to reduction of trunk stiffness and 





1.6 Whole Body Vibration transmissibility: 
 
 
As discussed above WBV transmission normally occurs when a subject is in contact with the 
source (vibrating surface). These vibrations can occur in horizontal, vertical, lateral directions or 
their combinations. These vibrations depending on frequency combinations and magnitudes can 
have effects of lower back, soft muscles and the sensory system.  Like every material and 
structure an engineer might encounter, the human body responds to vibration with its own 
natural frequency and dynamic response characteristics that depend on the direction of the 
vibration, posture of the body, and tone of the musculature. Transmissibility is the relationship of 
output vibration measurements to input vibration measurements and is a common way to assess 
the body‟s response to WBV.  It can be separated into components including the ratio of the 
output vibration magnitude at a given frequency to the input vibration magnitude and the phase 
shift between the output and input vibrations for any given frequency.   
1.6.1 Whole Body Vibration Transmissibility in Vertical Direction: 
 
WBV transmissibility is measured as a ratio of accelerations measured on lumbar spine to the 
input acceleration. Numerous studies were conducted by different researchers to investigate the 
effect of seatpan trunk acceleration transmissibility in the vertical direction [40-41, 62, 64-65, 
101-103] . The studies have consistently shown that the natural frequency in a seated human 
subject (resonance) exposed to vertical seat pan vibration occurs between 4Hz to 6Hz and a few 
studies have also observed a secondary resonance between 9Hz to 11 Hz [34, 104-105]. It is 
suggested that primary resonance in seated posture corresponds to the upper torso moving 
vertically with respect to the pelvis and the rotational movement of the lumbar spine [106].A 
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secondary peak can be correlated to flexion-extension motion of the lumbar spine[48]. 
Resonance is a phenomenon where a system oscillates at greater amplitudes at certain 
frequencies. Resonance occurs when the frequency at which the system is oscillating matches 
with the natural frequency of the system. Seating postures or seating conditions are also found to 
influence the resonance. 
Griffin and Matsumoto [103] examined (through experimental studies and mathematical model) 
the movement of the upper body of the seated subjects exposed to vertical whole body vibrations 
The motions were measured on body at T1, T5, T10 (thoracic spine 1, 5, and 10), L1, L3, L5 
(lumbar spine 1,3 and 5) and pelvis. Correction factor was also added to estimate the motions at 
the skin. The subjects were exposed to vertical vibration in the frequency range from .5 Hz to 20 
Hz at a magnitude of 1 rms (m/s^2). It was observed that the apparent mass of the subjects (ratio 
of force transmitted at the subject and source (seat) interface and the acceleration measured 
between subject and source (seat)) showed a principal resonance in the frequency range between 
4.75 Hz and 5.75 Hz. The transmissibility of vertical seat pan vibration to the pelvis pitch 
vibration was found to increase with increase in frequency with a local peak between 5.75Hz and 
7.25 Hz. The study also indicated that combination of bending (in the lumbar spine) and rocking 
motions of spine are involved in principal resonance in apparent mass of a seated subject. 
Abraham‟s [107-108] study where subjects were exposed to frequencies for 3Hz to 20 Hz at 
magnitudes of 1, 1.5 and 2 rms (m/s^2) showed that the trunk seat acceleration transmissibility 
declined with increase in frequency with a primary peak at 4 Hz and secondary peak at 6Hz. The 
magnitude of transmissibility was found to be highest at 2 rms (m/s^2) and least at 1 rms 
(m/s^2). The vibrations transmitted to the lumbar rotations also followed the similar pattern.  
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1.6.2 Whole Body Vibration Transmissibility in Horizontal Direction: 
 
Many studies have investigated the WBV transmissibility in the vertical direction. However, 
there are very few or very limited studies on WBV transmissibility in the horizontal direction. In 
vehicles, the highest loading was found to be in the vertical direction and lowest in the lateral 
direction. Also, substantial fore-aft (horizontal) vibrations have been recorded in off road 
vehicles, tractors, trucks [41, 62]. Understanding the behavior of the human body under the 
influence of fore-aft vibrations is important to optimal design of motor vehicles.  
Studies by Demic and Lukic [109], where human subjects were analyzed under the influence of 
fore-aft vibrations (.3 to 30 Hz) at magnitudes of 1.75 rms (m/s^2) and 2.25 rms (m/s^2), with 
and without back rest conditions, have concluded that the parameters of resonance points depend 
on the position of seat backrest position and rms excitation, which is  characteristic for non-linear 
dynamic systems. Paddan and Griffin [44] measured the amount of vibration transmitted to the 
head with and without the presence of backrest, when the subjects were exposed to random 
vibrations between 0.2 Hz and 16 Hz at a magnitude of 1.75±.05 rms (m/s^2). The 
transmissibility curves were shown to decline gradually with increase in frequency. A peak at 2 
Hz was observed without the back rest condition. A peak was observed at 1.5 Hz in the presence 
of a backrest condition and a minor peak was observed at 8 Hz which was attributed to the 
presence of a back rest. The primary peak is found to vary between .5 Hz and 3 Hz depending on 
factors like sitting posture, magnitude of vibration, time of exposure etc. 
1.7 ISO 2631: 
The international organization for standardization (ISO) [41, 110] defines methods for 
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quantifying WBV in relation to human health and comfort, the likelihood of vibration 
perception, the incidence of motion sickness. ISO 2631 specifies that the vibration evaluation in 
work place should include measurements of the root mean square (rms) acceleration. The 
weighed r.m.s. acceleration or vibration dose is expressed in meters per second (m/s^2) for 
translational vibration and radians per second (rad/s^2) for rotational vibration [41, 110]. The 











Where a is the frequency weighed acceleration over a exposure time period t. 
To obtain this value acceleration is first weighed by frequency dependent functions that reflect 
vibration transmissibility. This measure is useful to get a consolidated number that reflects 
overall vibration exposure but is limited for use in understanding vibration transmission or 
mechanism of injury. As such, it was not used in this study. 
1.8 Studies from Human Motion Control Laboratory 
 
 
Previous studies in our laboratory have examined this transmissibility of vibration from vertical 
vibration of the seat pan (measured using an accelerometer) to vertical vibration of the torso 
(measured using an accelerometer), trunk flexion-extension motions (measured using an 
electrogoniometer) and muscle activation (measured using electromyography (EMG) [111]).  In 





Figure 1: This figure illustrates the transmissibility functions to asses WBV transmission 
 
Figure 1 illustrates the transmissibility functions to assess the whole body vibration transmission. 
Trunk acceleration transmissibility is the ratio of spine acceleration (measured at the T10 spinous 
process) to the input seat pan vibration. Vibration induced lumbar rotations is the measure of 
lumbar rotations relative to input seat pan vibrations. Vibration induced muscle activity is the 
ratio of muscle activity (generally measured in terms of electrical signal using a 
electromyography) due to input seat pan vibration. It has been theorized by authors from our 
laboratory [111] that the seat pan vibration leads to a rocking of the torso (lumbar rotation) that 
in turn leads to lengthening and shortening of the extensor muscles of the spine such as the 
erector spinae muscles [111].  To assess this link, mechanoneuromotor transmission has been 
defined as the muscle activity (measured in terms of electrical signal using an EMG) relative to 
lumbar rotations. The first aim of this study is to establish the above described transmissibility 
functions for horizontal seatpan vibration with and without the presence of the back rest. 
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1.9 Mathematical Modeling: 
 
Mathematical Modeling of a system illustrates the more theoretical and intellectual aspects of the 
system in practice. In a general way, a model of the system can be defined as a tool that can be 
used to answer the questions about the system or understand the system without doing 
experimentation. The aim of the system modeler is to obtain in mathematical form, the 
description of a system in terms of some physically significant variables. A model can be a 
simpler or idealized realization of some more complex reality. A well-defined model may well 
provide improved understanding and, better yet, new information about the real world system 
(phenomenon). It may be more feasible to investigate the model rather than the more complex 
reality itself. For many reasons, experiments cannot be carried out under all conditions, but a 
well defined model of the system can be used to examine these conditions. It can be used to 
predict how the system would behave under all different conditions. With effective computer 
power, a numerical experiment called a simulation can be performed on the model. However, it 




















The process of modeling is illustrated in Figure 2 above. The top arrow corresponds to the initial 
part of the modeling. One has a real world problem, which is replaced by an abstract model for 
the purpose of employing tools of mathematical analysis. This model typically takes a 
mathematical formulation involving basic variables and physical relationships corresponding to 
the a laws of nature or behavior being observed. The right-hand arrow represents the solving of 
some resulting well-defined mathematical problem. The subsequent solution is usually in a 
mathematical form and must in turn be reinterpreted back in the original real world setting. The 
left-hand arrow, the interpretation must be checked against the original reality. It is essential for 
one to maintain the critical ingredients while filtering out the non-crucial elements in order to 
arrive at a realistic and still tractable mathematical problem. One must clearly identify the basic 
variables and characterize the fundamental laws or constraints involved. If this process does not 
result in the additional knowledge desired, then one may repeat the full cycle over and over again 
with alternate assumptions and tools. One often must forego excessive details to keep the model 
manageable [112]. 
 
In practice, it is common to proceed around this modeling cycle many times. One repeatedly 
attempts to refine the model. One also goes back and forth between different aspects of the 
cycles before arriving at a satisfactory “solution” to the original problem. It is very important that 
we relate the mathematical solution of the model to the real world problem. Also, it is essential 
that one must check the model is reasonable or does it agree with previously known aspects of 
the original problem. Experimental validation will play an important role in authenticating the 
model [112].  
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1.9.1 Validation of Models: 
 
At times it is not difficult to build the model. The real difficulty lies in making the model 
accurate, reliable and reasonable. For the model to be considered reliable, the results and outputs 
from it should be valid. Comparing the model results with the experimental results could validate 
this [113-114]. It should be noted that it is rarely  possible to match the experimental results with 
the model results because of many varying parameters (specifically in human body modeling), 
but models models will have a domain of validity, which defines ability of model to represent the 
real-world conditions. The better the model limited and well defined is the domain of variability. 
It should always be noted that observations of the system and experimental properties on the 
system often are the basis for descriptions of the system, which are handy for modeling but can 
be influenced by error and inaccuracy in the data. 
 
1.9.2 Need for Biodynamic Models of Whole Body Vibrations: 
 
Experimental studies play a very important role in understanding the effects of WBV‟s on the 
human body. However, it is not possible to conduct tests with all varied inputs. A well defined, 
biodynamic model can come in handy under many conditions. The biodynamic models of the 
human body in WBV‟s are developed with the aid of experimental results. Such models are used 





Advantages of developing good biodynamic models: 
1. Predict the influence of different variables on biodynamic response of the system 
2. Understand the nature of human body moments under different conditions 
3. Make predictions which cannot be determined by experiments due to experimental 
limitations 
4. Make predictions without the biological variability inherent in human experimentation 
5. Provide a standard convenient protocol for experimentation 
6. Determine standard impedance conditions for vibration testing of systems used 
7. Give the necessary information for optimization of isolation systems and dynamics of 
other systems coupled to the system. 
 
Biodynamic models are more than useful in finding the risk zones based on its characteristics. 
Biodynamic models are categorized based on what they try to predict. The models can be 
summarized into three categories as mechanistic models, quantitative models and effect models. 
Mechanistic models are the ones which focus on the mechanisms that govern the movement of 
body. Quantitative models are the ones which focus on input output relation between the input 
simulation source and resultant output. Effect models focus on injury risk, discomfort in humans 
and response to particular input simulation. Each of the categorized models has its own specific 
advantages. A mechanistic model is represented as group lumped parameters with each lumped 
mass representing a anatomical section of the body. Groups of lumped parameters represent the 
apparent transmissibility and apparent mass at more than one location and in more than one 
orientation. Lumped parameters are discrete masses connected with springs and dampers. More 
complex finite element models are used as mechanistic models to predict/describe the forces 
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acting/transmitted through the spine. Quantitative models can be used to characterize the typical 
apparent masses or mechanical impedances so as to predict the seat transmissibility based on 
experiments results. Quantitative models, however, do not necessarily have any anatomical 
representation of the body. Both mechanistic models and quantitative models often adapt lumped 
parameter method because of advantages to simplify and quantify the complex biodynamic 
response in terms of relatively small parameters. The number of lumped parameters and the 
degrees of freedom varies based on purpose and application of the model. 
1.9.3 Discussion on Lumped Parameter Models: 
 
A mass-spring-damper system with single-degree-of-freedom is the simplest form to represent 
the apparent mass of the seated human body and to predict biodynamic responses of seated 
human subjects. Limitations with this model are because of the models inability to properly 
simulate the human response due to its limited mass segments. Coermann [105] developed a 
model, which was constructed with one mass segment of 56.8 kg. Human seat interface is 
modulated by a set of linear springs and dampers to represent the physical properties of a seated 
human (see figure 2). Fairley and Griffin [104] constructed a single-degree-of-freedom model to 
describe the mean apparent mass and phase with feet moving with the seat (figure 3). The mass 
M1 represented moving body mass relative to platform; mass M2 represented the body mass and 
legs that did not move relative to platform. Mass M3 represented the effect of a stationary 
footrest. The model was not developed to accommodate effect of change in muscle tension, 
contact with backrest or vibration magnitude. Wei and Griffin [115] developed a model similar 
to Coermann‟s [105] model with two mass segments attached with a spring-damper (figure 4). In 
analysis the bottom mass segmen,t considered as legs and buttocks, was assumed connected to 
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the seat pan. Similar to the 1 DOF model developed earlier [115] Wei and Griffin, they 
developed a 2 DOF freedom model for better fitting of the experimental results. The excitation 
input was assumed to be from the bottom mass, which represented buttocks and legs. This model 
provided better fit for both phase and magnitude. It was observed that to provide optimum 
models at different vibration magnitudes different vibration parameters would be needed. 
 
 
Figure 3 Coermann's 1962 model 




Figure 4: Fairley and Griffin 1989 
 





Figure 6: Wei and Griffin 2 DOF model 
 
 
An Anatomically detailed model was developed by Mertens and Vogt [116]  to predict human 
response to shocks concerning injury risks. A five-degree model with 5 masses connected by 7 
sets of spring-dampers represented the models. Legs, buttocks, abdominal components, head and 
chest were represented in detail in the model. The key factor is the spinal cord which was 
represented as a set of 3 serial spring-dampers. The segmental masses were determined from 
experiments and previous literature.  Stiffness and damping parameters were determined by 
comparing the transmissibility and mechanical impedance from experiments. With more detailed 
anatomical representation, the model considered into account the change in modulus and phase 
with change in magnitude of vibration. It was absorbed that as the magnitude of vibration 
increased the first peak shifted to left and later peaks tended to be unclear. These changes 
implied that nonlinearity with vibration magnitude arises from a combination of different modes 




Figure 7: Mertens 1978 model 
 
A six-DOF model with total mass of 80 kg was developed by Muksain and Nash [117], to 
represent the anatomical description of the human body in sitting posture. The spring and viscous 
damping forces were considered as due to relative displacements and velocities and their cubic 
terms, respectively, between two coupled masses except for the neck and back springs and 
dampers which are linear. Coulomb friction forces were included in the model in addition to the 
sliding surfaces between back and torso, muscle contraction and ballistocardiographic and 
diaphragm muscle forces. The motions were restricted to the vertical direction and pelvic 
stiffness and damping coefficient included in back, the input sinusoidal excitation of seat was 






Figure 8: Muksain and Nash 1976 
 
Matsumoto and Griffin[43] developed 2 models of 4 DOF and 5 DOF in order to study the 
mechanisms involved with point of resonance in apparent mass at around 5 Hz. The models 
(figure 9) used spring-dampers of transitional and rotational stiffness to represent two-
dimensional movement of upper body in mid-sigittal plane. The 4 DOF model consisted of four 
segmented masses representing legs, pelvis viscera and upper body. 5 DOF model was similar to 
the 4 DOF model with the upper body divided into 2 masses connected by rotational spring 
damper pair. The masses and geometrical parameters were determined from literature review. 
The spring dampers in the model were used to represent buttock tissues, pitching of the pelvis, 
bending of the spine which was not considered in many previous models. The study suggested 
that vertical motions due to deformation at the buttocks and viscera made a dominant 
contribution to the apparent mass resonance, but the contribution of the spinal bending motion 
was small. This modeling study conforms to the transmissibility measured at a series of locations 





Figure 9: Matsumoto and Griffin 1998 model 
 
Based on the rotational and translational spring damper mechanisms adapted by Matsumoto and 
Griffin[103], Nawayseh [118] formulated a set of models to represent the vertical and cross axis 
fore and aft forces at the seat during vertical random excitation. In model 1, masses m1 and m2 
represented mass of the lower body carried by seat and the mass of the upper body with inclusion 
of pelvis respectively. The translational springs-dampers represented the stiffness and damping 
of the thighs and buttocks. Rotational degree of freedom included in the model reflected on 
pitching of pelvis and bending of spine. The mass m1 and geometric parameters were based on 
previous literature and experimental studies. All other parameters were optimized by minimizing 
the squared error of modulus and phase between the apparent mass and model response.  Adding 
a vertical translational degree of freedom (i.e. Mass 3) to mass 2 (figure) improved the fittings in 
the phases of both the vertical and the fore-and-aft cross-axis apparent mass.  Modifying model 1 
to model 3 showed improved fittings in the phase of vertical apparent mass. Combination of   
model 2 and model 3 (model 4) showed more improved fittings in fore and aft cross axis 
apparent mass. It was also observed that mass m1 was not needed to produce the resonance 
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behaviors of (optimizing model 5 from model 4) seated body in both axis. It was also observed 
that stiffness of the vertical translational spring decreased with the increase in vibration 
magnitude, implying that the tissues beneath the ischial tuberosities primarily contribute to the 
nonlinearity, which is consistent with the findings by Matsumoto and Griffin [43] who had 
concluded that  buttocks tensed sitting condition was a factor for nonlinearity. 
 
Nonlinear geometric parameters are added to a model to represent the nonlinear behaviors of the 
human body. Nonlinear refers to the behavior of the system that does not obey superposition. A 
linear spring shall maintain a constant stiffness at different ranges of stiffness. But the stiffness 
of a nonlinear spring is not a direct function of the displacement. Nonlinear dynamic 
arrangements will also result in nonlinear responses. In such systems, the effective stiffness, 
damping and masses vary with varied vibration magnitude. The review of models with nonlinear 
arrangements or components is to identify any possible mechanism that could represent the 
characteristic nonlinearity. Muskin and Nash [117] used a nonlinear cubic spring and damper 
between back and torso to represent the ligaments attaching the ribs to vertebrae. Coulomb 
friction forces were to represent the sliding surfaces between back and torso. The 
„ballistocardiographic‟ muscle forces were modeled as a frequency dependent function acting on 
the thorax. The model was calibrated to produce the transmissibilities to the head, back, torso, 
thorax, diaphragm, and abdomen during vertical sinusoidal vibration. It was observed that the 
fittings for 1Hz to 7 Hz were better than the 7 to 30Hz ones. The authors neither established nor 
quantified a relationship between nonlinear behaviors and transmissibilities. Muskin and 
Nash[119] modified the previously developed model with dual transmission path from the pelvis 
to the head. The model incorporated linear damping and stiffness parameters at frequencies 
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smaller than 10Hz. nonlinear parabolic damping was used in between pelvis and the body at 
frequencies larger than 10Hz. Based on the findings that a passive linear model could not 
represent the response of human body at a full range of frequencies (1 to 30 Hz), frequency 
dependent active components should be included in the biodynamic models.  
 
Based on their studies, Fairley and Griffin [104] explained that the reason for nonlinearity may 
be the combination of muscle activity or the dynamic properties of human skeletal structure. 
They also reported that greater the movement with high magnitudes of vibration, the stiffness of 
musko-skeletal structure reduces. Mansfield and Griffin [64] observed a nonlinearity along a 
transmission path common to the spine and the abdomen. The nonlinearity was suggested to be 
caused by a combination of many factors including softening response of the buttocks tissue, 
bending or buckling response of the spine, inconsistency in muscular forces at different 
magnitude of vibration. The findings also contradicted their previous observations that geometric 
nonlinearity was not a primary factor for nonlinearity[120]. It was concluded that the 
nonlinearity was not solely caused by the nonlinear geometric arrangements of the body. 
Softening characteristics on the passive soft tissues and voluntary or involuntary muscle activity 
could primarily contribute to the nonlinearity [43]. Matsumoto and Griffin [43] also observed a 
slightly reduced degree of nonlinearity with increases muscle tension in buttocks and abdomen 
when exposed to broad random vertical vibration. The increased muscle tension was expected to 
reduce involuntary changes in tension during vibration exposure. This suggested that involuntary 
changes in muscle activity could alter nonlinearity. It was also observed that an increase in 
muscle tension at buttocks showed slightly less nonlinearity during sinusoidal vibration 
exposures, suggesting the dynamics of buttocks tissues contributed to nonlinearity.  Nawayseh 
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and Griffin [118] observed that minimum thigh contact posture gave less degrees of nonlinearity 
than the maximum thigh contact and the feet hanging postures at the two highest magnitudes. 
Varying the thigh contact area controlled the pressure of the tissues beneath the ischial 
tuberosities. Changing the pressure in the buttocks did not affect the nonlinearity in the cross-
axis apparent mass resonance frequency, consistent with the findings of Matsumoto and Griffin 
[43, 103]. Based on Matsumoto and Griffin‟s [43, 103] studies nonlinearity could originate in the 
transmission path common to the spine and the knee. It was suggested that the dynamics of the 
tissues beneath the foot and dynamics of the lower legs might have contributed to the 
nonlinearity found at the spine and the knee. From the literature reviewed above, it can be 
observed that the explanations for nonlinearity may be voluntary or involuntary muscle activity 
and softening characteristic of the passive soft tissues. While these findings are important they 
predominantly represent vertical vibration response and do not consider neuromotor response. 
1.10 Uniqueness about the Current Model:  
Not many models have been developed to investigate biodynamic vibration transmission in the 
horizontal direction. No model has investigated muscle lengthening shortening, neuromotor 
transmission and reflex muscle activation with the help of a mathematical model. Muscle fatigue 
and neuromuscular dynamics are expected to be dependent on transmission of vibration to 
lumbar rotations. Due to limitations in existing biomechanical models of spinal loading, it has 
been difficult to predict the health effects to the spine associated with exposure to WBV. 
Therefore there is a need to investigate vibration transmission to the spine and in particular to 
lumbar rotations. This can help us understand the possible mechanism for lower back injury. 
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1.11 Specific Aims of This Thesis 
 
 Define and experimentally measure the transmissibility functions (TF1-TF4) for 
horizontal seat pan vibration with and without the presence of the back rest. 
 Assess transmission of fore-aft vibration to the spine rotation and erector spinae 
muscle activation. 
 Create a mathematical model of trunk motion, including flexion and extension in 
response to seatpan vibration. 
 Incorporate the muscle and reflex dynamics into the trunk motion in order to 
examine transmissibility of vibration to neuromotor system. 
 Study the relation between muscle activity and lumbar rotations in vibration 
environments.  













In this chapter, the methods used to develop trunk transmissibility model and experimental setup 
are described. These methods consist of several parts: 
1. Collection of experimental data on vibration transmission in fore-aft direction 
- Description of the equipment used 
- Experimental setup and protocol 
- Data processing procedures 
- Transmissibility functions 
2. Development of a mathematical model 
- Development of the basic model 
- Muscle model 
- Incorporation of the muscle model into basic model  
- Selection of parameters for the models 
3. Validation of the model and parametric study 







2.1 Experimental Study: 
2.1.1Subjects: 
 
Ten healthy young subjects (5 male, 5 female, age 243 years, height 1.6  0.04 m, weight 69  
4 kg) were assessed. Subjects were screened for low back pain and other neuromuscular 
disorders. The KU-L Human Subjects Committee approved this study and all subjects gave 
informed consent. 
2.1.2 Vibration Simulator: 
 
The Ling Electronics model 1512 electrodynamic shaker (Ling Dynamic Systems, Royston, 
Hertfordshire, UK) that can operate in the horizontal axis as well as the vertical axis was used to 
simulate vibrations. The shaker operates in the frequency range of 3 Hz to 2000 Hz from either a 
sine wave or random noise source. The shaker was powered by 5 kVA Ling Electronics DMA 
2/X solid state power amplifier. The control for the shaker was provided by DAKTRON shaker 
control system (Daktron Electronics, East Boldon, Tyne & Wear, UK). The subjects were 
assessed for their response to frequencies ranging from 3 Hz to 14 Hz at magnitudes of 1 RMS 
(m/s
2
) and 2 RMS (m/s
2
).  
A firm wooden seat was installed on the shaker as illustrated in Figure 10. The seat had a 
wooden backrest to provide trunk support for the subjects. Each frequency and magnitude at 
which the subjects were assessed was specified on DAKTRON control software. The vibration 
profile was set for constant acceleration sine vibration test. All data was collected at 1500 Hz on 
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a 16 channel analog to digital board using with data acquisition software (LabVIEW, National 
Instruments, Austin, TX). 
 
Figure 10 Vibration Simulator setup 
2.1.3 Equipment Used: 
 
Two piezoelectric-axial accelerometers 356A17 (PCB Electronics, Buffalo, NY) were used to 
measure acceleration at seat pan and torso. The accelerometer mounted on the seat pan was used 
to record the input vibration. The second accelerometer was mounted on the skin at thoracic 10 
spinous or the T-10. All the data was collected at a frequency of 1500 Hz using the motion 
monitor software interface. The output from the accelerometers was in millivolts which were 
converted to the units of gravity g (9.8 -2ms ) using the factory specified calibration tables. Noise 
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in the accelerometer data was removed using notch filters at multiples of 60 Hz and a low pass 
filter at 240 Hz. 
 






























Table 1: Table specifying the calibration specifications for the accelerometers as specified 
by manufacturer 
 
The flexion and extension movements of the back were measured using a SG 150B twin axis 
electrogoniometer (Biometrics, Cwmfelinfach, Gwent, United Kingdom). The electrogoniometer 
was attached to the skin with double-sided tape at T-12 and s1 spinous processes. The subjects 
were instructed to maintain a constant seating posture throughout the experimental run using 
visual feedback from ADU301 angle display unit of the electrogoniometer. The output of the 
electrogoniometer was an electrical signal in voltage which was converted to degrees using the 
corresponding calibration specifications. The raw electrogoniometer data was also filtered using 
a notch filter at 60Hz and a low pass filter at 240 Hz[121].    
Non-invasive surface electromyography (EMG) sensors were used to record the muscle activity 
(Delesys, Boston, MA). The placement of EMG sensors were based on the protocol established 
bt Mikra (Mikra 1991)[122]  .Eight bipolar surface electromyographic electrodes were attached 
to the skin at left side and right side of erector spinae (electrodes were placed  at the L2/L3 level 
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of the spine with a spacing of about 4 centimeters between the electrodes), rectus abdominus ( 
electrodes were places 1 to 2 centimeters superior to umbilicus with a spacing of about 4 
centimeters between the electrodes), external obliques ( electrodes were placed lateral to the 
umbilicus at an orientation of 45 degrees to the spine, with a spacing of about 8 to 10 centimeters 
between the electrodes) and internal obliques.(electrodes were placed 8 to10 centimeters apart 
lateral to the midline within the lumbar triangle at a 45 orientation to the spine)[122]. The EMG 
data was recorded at a sampling frequency of 1500 Hz. The EMG data was amplified with a gain 
of 1000 prior to acquisition. The useable energy of the EMG signals is between  0 Hz to 500 Hz 
and is most dominant in the range of 50 Hz and 150 Hz [107]. To eliminate the noise and other 
disturbance from the raw EMG data notch filters were set up at multiples of 60 Hz. Forward and 
inverse butterworth filters were used to band pass filter the EMG data between 30 Hz and 250 
Hz. The EMG data was further demeaned, rectified and integrated using a 100 point Hanning 
window.  The EMG data was normalized to the maximum value obtained prior to the vibration 
exposure. This was done to minimize the inter-subject variability. The EMG data was 
normalized with respect to maximal activity exhibited by the subjects corresponding to each 
muscle group. 
2.1.4 Experimental Protocol: 
 
The subjects were made to sit on an unpadded wooden seat mounted on the shaker with EMG 
electrodes, electrogoniometer and accelerometer attached as described above. Once the subject 
assumed a comfortable sitting posture, the angle display unit in of the electrogoniometer in the 
hands of the subject was zeroed. The subjects were asked to maintain the same (zeroed) posture 
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for the entire experimental procedure (feedback to maintain the same posture was through the 
angle display unit of the electrogoniometer. 
The subjects were tested under two seating conditions, with backrest and without backrest. 
During with the backrest condition the subjects were asked to rest their thoracic back against the 
wooden backrest provided to the seat. During the without backrest condition subjects were seated 
with their trunk not touching any backrest. The subjects were instructed to maintain constant 
seating posture with the help of feedback from angle display unit of the electrogoniometer during 
the assessment with and without backrest condition. 
The subjects were exposed to vibrations at frequencies of 3, 4, 5, 6, 8, 10, 11, 12 and 14 Hz and 
at the magnitudes of 1 RMS (ms
-2
) and 2 RMS (ms
-2
). The sampling frequency was set to 1500 
Hz and the testing period at each trial was 40 seconds. (9 different frequencies at 2 magnitude 
levels and 2 seating conditions totaled to 36 trails). A rest time of about 2 minutes was given 
between different seating conditions to avoid fatigue in subjects. The subjects were instructed to 
resume their prior seating posture after every interval.
 
 




Figure 12: Testing protocol without backrest condition 
2.1.5 Running Average Method: 
 
A running average method was used to obtain a single ensemble average of the processed data 
signals (seatpan acceleration, spine acceleration, electrogoniometer and electromyography data) 
for a vibration period. The phase losses were avoided by averaging the input and output data at 
the same time point during each seatpan acceleration sinusoid. The maximum point in the first 
cycle was set as the start point and the length of the cycle was based on sampling frequency and 
the vibration test frequency. (Ex: Data was collected by exposing the subject to a frequency of 3 
Hz for a period of 40 seconds at a sampling rate of 1500 Hz. The starting point here was the 




  points. Data was separated into 500 point segments starting from the maximum 
point in the first cycle of seatpan acceleration). Ensemble average was the mean signal for one 
cycle of a sinusoid of input data.  Once the ensemble averages were obtained the magnitude of 
the signal based on ensemble average were calculated which was the difference between the 
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crest and trough of the ensemble signal. The magnitudes of the transfer functions were 
calculated as the ratio of the magnitude of the ensemble average output signal to input signal. It 
was also observed that there was a delay in occurrence of the peak in output and input signals. 
This delay corresponded to the time delay between the input and output signal. 
 
Figure 13: Schematic of Running Average Method 
 
2.1.6 Transmission Functions: 
 
Four transmission functions were determined using the data from the seat pan accelerometer, the 
spine accelerometer, the electrogoniometer and the EMG electrodes to assess the WBV 
transmissibility in seated humans subjected to horizontal vibrations. The transmission of 
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acceleration from seat pan to spine ( 1TF ) was quantified as ratio (in magnitude) of acceleration 
measured at spine to acceleration measured at seat pan. The transmission of horizontal vibration 
to lumbar rotation   (
2TF ) was quantified as the ratio (in magnitude) between the lumbar 
rotations and seat pan acceleration. The vibration induced muscle activity ( 3TF ) was the ration of 
normalized EMG to seat pan vibrations. The muscle activity relative to lumbar rotations or the 
mechano neuromotor transmission (




























Figure 14:  Figure demonstrating the different transmissibility functions to assess the whole 




2.2 Mathematical Model: 
 
A lumped parameter model was created with two lumped masses representing head-arm-trunk 
(HAT) and the pelvis-legs connected with linear and rotational dampers and springs. The 
parameters for the model were based on weights of the experimental subjects and anthropometric 
data from literature (Table 2).  Using Lagrangian dynamics, a linearized state-space model was 
created.  This model was used to compare the model to the experimental data.  In addition, using 
Simulink in MATLAB, the vibration experiment was simulated. 
 
Mathematical Model: deriving equations of motion using Lagrangian dynamics. 
 
Figure 15: Mathematical model developed 
 












  (Non Conservative Forces)                                                                            Equation 1 
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L is the difference between Kinetic Energy (K.E) and Potential Energy (P.E) of the system and q 
is the generalized coefficients. We also make an assumption that the length „l‟ is constant in the 
process. The spring 'k is assumed as a rotational spring representing the combined stiffness of 
the spine and the linear musculature acting around a moment arm. 
Total kinetic energy of the system is the sum of kinetic energy of mass 1 and mass 2. 
. . . ( . ) ( . )
1 2
T K E K E K Em m 
                                                                                                     
Equation 2 
Total potential energy of the system is the sum of potential energy of mass 2 height changes and 
energy storage in the two springs 1k and 'k . 
. . . ( . ) ( . ) ( . )
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Equation 3
                           
 
 
To find the kinetic energy of mass 2: 
 
Referring to the above figure, position of mass 2 ( 2m ) is:  
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Therefore, combining these equations, we can obtain the equation: 
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Equation 4
                                                  
  
Expanding and simplifying the above equation, we can obtain the equation: 
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Equation 5 
Kinetic energy is:  
1 2.
2







v in the kinetic energy equation , kinetic energy of mass 2 will be:  
2. . . . .
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To find the kinetic energy of mass 1: 
 
Velocity of  
1
m  is:  
.
1
v xm   
 




m x  
 
Total kinetic energy is the sum of kinetic energy of mass 1 and mass 2: 
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Total potential energy is the sum of potential energies of spring k1, mass m2 and spring k‟ 
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Potential energy due to k1 is given by 
1 2( . ) ( )1 1
2
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Equation 8 
Potential energy due to k1 is given by 
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Total potential energy is  
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L, the Lagrangian, which is the difference between kinetic energy and potential energy of the 
system will be: 
.
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The original Lagrangian equation (Equation 1) has a generalized coordinates terms q. The 
generalized coordinates here are x and θ. Finding the partial derivative with respect to 
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Equation 13 
Non Conservative forces in θ will be due to the damper c                                          Equation 14 
 
Now finding the derivative of the above equation (Equation 13) and substituting it back in the 
Lagrangian equation we can obtain the equation: 
.. .. . .
2
( ) ( ) cos sin
2 2 2.
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dt

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                                                                                     Equation 15 
Substituting this equation (Equation 12) back in Lagrangian equation (Equation 1) we can 
obtain the equation:
 
.. .. . . . . .
2
( ) cos sin sin sin ( ')
2 2 2 2 2
m l I m x l m x l m x l m gl k c        

      
                            
Equation 16
    
                            
 










m m x m l
x
d L















   
  
                                                                                              Equation 17 
Non Conservative Forces in x will be:  
. .
( )1NCF c x w 
 
 
Substituting the above values in equation 1, we can obtain the equation: 
... .. . .
2( ) sin cos ( ) ( ) 01 2 2 2 1 1m m x m l m l k x w c x w                                                                         Equation 18 
                      
In order to make equation 18 and equation 16 linear, we assumed smaller θ oscillations to 
simplify the following terms:  
 
cos 1 and sin   
 





( ) ( ') ( ) 0
2 2 2
m I l m x l m gl k c   

                                                                            Equation 19 
.. .. . .
( ) ( ) ( ) 0
1 2 2 1 1
m m x m l k x w c x w                                                                                  Equation 20 
To make simplifications consider, 
.
1
             
..
2
             
.
1
x x              
..
2












is the angular acceleration 
 
x  is the linear displacement 
.
x is the linear velocity 
..
x is the linear acceleration 
 
Rewriting equations 19 and 20, using above notations to make simplifications easier, we obtain: 
2
( ) ( ') ( ) 0
2 2 2 2 2 1
m l I m x l m gl k c   

                                                                          Equation 21 
.
( ) ( ) ( ) 0
1 2 2 2 2 1 1 1
m m x m l k x w c x w                                                                             Equation 22 
To obtain a state space representation or the transfer functions from the above equations, we 
perform some algebraic simplifications.  Performing the operation (equation 21+ l*equation 22) 




( ) ( ) ( ') ( ) 0
1 2 2 1 1 1 2 2
lm x m gl k l x w c l x w k c I   

        
                                     
             Equation 23 
On further simplification the equation reduces as          
.
( ' ) ( )1 1 2 1 1
2 1 1 21 1 1 1 1 1 1
k c k m gl c I k c
x x x w w
m m lm lm m l m m
  
 
                                                      Equation 24       
                                          
Substituting equation 24 back in equation 21, we obtain: 
.
( ' ) ( )2 1 1 2 1 1( ) ( ) ( ) 0
2 2 2 1 1 2 1 11 1 1 1 1 1 1
k c k m gl c k c I
m l m l x x w w m gl k k c
m m lm lm m m m l
     
 
 
           
                                                                                                                                        Equation 25 
 
On further simplification, the equations become: 
. .
1 1 2 2 1 12 2(1 ( ( 1)( ' ) ( 1)( )2 2 2 2 1 2 1 2 21 1 1 1 1 11
k c m m k cm
m l I m lx m lx k m gl c m lw m l w




            
 
                          
                                                                                                                                       Equation 26 
                  
                                         
Representing equation 26 and equation 24 in the state space form: 
 
0 1 0 0 0
( ' ) ( )1 1 2
1 1 1 1 1 1
2 0 1 0 1 0
1 1 1 2 2( 1)( ' ) ( 1)( )2 2 2
1 1 1 12 0
2 2 2 22 2 2 2(1 ) (1 ) (1 ) (1 )2 2 2 2
1 1 1 1
k c k m gl c I
x m m lm lm m l
x
k c m m
m l m l k m gl c
m m m m
m m m m
m l I m l I m l I m l I













       
  
       
              























                                                 
 
                                       
                                                                                                                                       Equation 27 
 
A detailed table showing the range of values for each parameter in the model is described in a 
later section. The Inertia term I added in the model is relatively small compared to the other 
terms and neglecting the inertia term will not affect the performance of the model [123-125]. As 
you can observe in the above state space matrix the inertia term is adding up to 2
2
m l and 2
2





. So neglecting the inertia term in the state space matrix, we get 
47 
 
0 1 0 0
( ' ) ( )1 1 2
1 1 1 1 1
2 0 1 0 1
1 1 1 2 2( 1)( ' ) ( 1)( )2 2 2
1 1 1 12
2 2 2 22 2 2 2(1 ) (1 ) (1 ) (1 )2 2 2 2
1 1 1 1
k c k m gl c
x m m lm lm
x
k c m m
m l m l k m gl c
m m m m
m m m m
m l I m l I m l I m l I
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   
        
              



















                                     
 
 
                                                                                                                                       Equation 28 
  
The above state space representation can be used to used to obtain the transfer functions needed 
for evaluation using MATLAB or equations 22 and 24 can be used directly to obtain the transfer 
functions x(s)/w(s) and θ(s)/w(s). Time delays can be added to the transfer function based on 
experimental data. 
 
2.3 Muscle Model: 
A.V.Hill[126], in 1938, proposed a muscle model based on his previous experimental work. 
Several models have been developed based on the ideas of the initial hill‟s model. A Hill based 
muscle model consists of typically 3 elements, a contractile component, an elastic component 




                    
Figure 16: Hill's 1938 model 
 
The above figure shows the Hill‟s 1938 model with a contractile element (CE), parallel elastic 
element of length Lpe and a series elastic element Lse and a total muscle length Lm. The series 
elastic element and parallel elastic element are simple nonlinear elastic elements and the 
contractile element is described by force-length and force-velocity relationships of the whole 
muscle. Hill also suggested that contractile element can be represented as a pure force generator 
in parallel to a nonlinear dashpot element. The plots below shows the Power and length response 
of the classical Hill‟s model for a constant muscle length and a step decrease in muscle length. 
The muscle was assumed to be in tetanus state of fully activated state. Hill also proposed an 
empirical formula relating the force generated by an isotonic contraction 0
T
, steady state force T 
and contraction velocity v given by 
0( )( ) ( )T a v b T a b     
49 
 
Which describes the classical hyperbolic form force velocity relationship of the muscle ( a and b 
are constants).  
Further studies have shown that extrapolation of Hill‟s muscle model to complex contractile 
conditions may be unreliable. This is because the contractile element in the Hill‟s model is 
described by a black box mathematical model and the equations cannot reproduce the known 
relationship between input and output characteristics without making any attempt to clarify the 
mechanism of muscle force production [124, 127].  
Estimation of muscle properties is also a challenge in development or use of any existing muscle 
models. The muscle parameters vary for different muscles and there is an inter-subject variability 
as well as the change of muscle parameters with age. The parameters based on experimental 











Figure 18: Force and length response of Hills model for a step varied tetanized muscle 
length 
 
 Several models have been developed based on Hill‟s models to predict the output forces 
from EMG inputs for specific joints or specific tasks [128-129]. There are benefits as well as 
limitations of using Hill‟s based muscle models. The muscle model used in the present study is 





   
Figure 19: Muscle model based on Hill's model proposed by Winters 
 
The above figure shows a muscle model based on model proposed by Winters [124]. This model 
does not include the series elastic element present in the hills model. This assumption 
considerably reduces the computational complexity of the model. Studies have shown that this 
model can effectively approximate the linear behavior on the nonlinear muscle about 
equilibrium. The model has a parallel stiffness element K, which is the intrinsic stiffness of the 
muscle, a damper B, which represents the intrinsic dampening and a force or inertia element. The 
muscle force f is a function of all the above components and is given by the below equation. 
0
'( ) ( )m m m mf x F K x x Bx                                                                          Equation 29 
The muscle stiffness and damping are considered as functions of the force element and length of 





Where K is the muscle stiffness, 0
T
is the balanced muscle force and L is the muscle length. q is 
the muscle stiffness constant and the magnitude of q can vary from .5 to 40. The muscle force 







Where K is the muscle stiffness, 0
T
is the balanced muscle force and L is the muscle length. „a‟ is 
the muscle damping constant. The muscle model was used to represent erector spine muscle 
group. The muscle was at a distance of 6 cms from the spine.  
 
Figure 20: Muscle model with a single mass to demonstrate the effect of muscle group on 
the body 
 
A modified Hill‟s muscle model is shown in the above figure. The muscle model comprises of a 
force generating member and has an inherent stiffness. For the muscle to support a mass „m‟ 
(shown at the left end), the tension within the muscle should overcome its internal stiffness and 
damping within. Hence the T0 should be at least equal to the sum of the force drop across the 
stiffness and the damping.  
The force provided by the muscle to support the mass „m‟ is to be provided in the form of 
acceleration across the mass. Let the muscle could able to provide an extension „x‟ across the 
mass „m‟. Hence by Lagrangian Dynamics, the total kinetic energy of the system is contributed 
by the mass „m‟ while the potential energy within the system is contained within the muscle 









                                                                                                                    Equation 30 
 





             Equation 31 
 
Lagrangian L, is the difference between kinetic and potential energies of the system 
 
L KE PE               Equation 32 
 
The original Lagrangian equation (Equation 1) has a generalized coordinates terms q. The 


























               Equation 33 
 
The non-conservative force includes the force being generated within the muscle and the force 
drop across the damper. 
.
NCF T B xo               Equation 34 
Hence the dynamics of the given system is given below: 
.. .
m x kx T B xo                Equation 35 
 
Hence this result can be scaled up to include the dynamics of the seatpan and the upper body to 









Figure 21: Mathematical model With the inclusion of Muscle Model. The Muscle Model is 
assumed to be Erector Spine muscle group. 
 












             Equation 36 
(Non Conservative Forces)  
 
Where L is the difference between Kinetic Energy (K.E) and Potential Energy (P.E) of the 
system and q is the generalized coefficients. We can make the assumption that the length „l‟ 





Referring to the above figure, position of mass 2 ( 2m ) is  
 
 [( sin ), cos ]x l l 
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is represented by 
. .
2 2













   
 
Combining these, we obtain: 
. ..
2 2[( cos ) ( sin ) ]2v sqrt x l lm       
          Equation 37 
                                                      
 
Expanding and simplifying the above equation, 
. . . . .
2 2 22 2 2 2[ cos sin 2 cos ]
2
. . . .
22 2[ 2 cos ]
2
v sqrt x l l x l
m
v sqrt x l x l
m
     
  
   
  
        Equation 38 
                             
 
Kinetic energy of mass 2 is 1 2.
2











Kinetic energy of mass 2 will be:  
2. . . . .
1 122 2. . ( 2 cos )
22 2
K E m x l x l I                Equation 39          
Potential energy of mass 2 is:        
                                                                                                    
( . ) cos
22
P E m gl
m

            Equation 40 
Potential energy due to spring k1 is given by: 
 
1 2( . ) ( )1 1
2
P E k x wk  
            Equation 41       
Potential energy due to spring k‟ is given by: 
 
1 2




             Equation 42 
 





              Equation 43 
 
Total kinetic energy is, therefore: 
 
. . . ( . ) ( . )
1 2
T K E K E K Em m   
2. . .. . .
1 1 122 2 2. . ( 2 cos )
2 12 2 2
T K E m x l x l I m x       
         Equation 44 
 
Total potential energy is given by the equation: 
 
. . . ( . ) ( . ) ( . )
21 2
T P E P E P E P E
k m k
  
          Equation 45 
1 12 2
. . ( ) cos
1 22 2
T P E k x w m gl k 

     
 
The Lagrangian of the system is calculated as the difference between kinetic and potential 
energy: 
 
L KE PE   
58 
 
2. . .. . .
1 1 1 1 12 2 22 2 2( 2 cos ) ( ) cos
2 1 1 22 2 2 2 2
m x l x l I m x k x w m gl kL      

             Equation 46 
2. . . . .
1 1 1 1 12 2 22 2( ) cos ( ) cos
2 1 2 2 1 22 2 2 2 2
m m x m l m x l I k x w m gl kL      

            Equation 47 
 
 
Now the dynamics of the system can be derived using Lagrangian dynamics of the system with 






( ) ( cos sin ) ( )
2 1 2 1.
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         
 
         Equation 48 
The force generation within the muscles model along with the force drops across the two 
dampers contributes the non-conservative forces in the system. The sum of all non-conservative 















             Equation 50 
Now the dynamics of the system can be derived using Lagrangian dynamics of the system with 
respect to the independent variable „θ‟ is given as following: 
2.. .. . . .
( ) ( cos sin ) ( ) ( )
2 1 2 1 1







.. . . .. .. . .
2
( cos sin ) sin sin
2 2 2 2.
L
m x l m l I
L
m xl m gl k
d LL
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           
 
     Equation 52 

















             Equation 54 
.. . . .. .. . . .
2
( cos sin ) sin sin
2 2 2 2 2 0 2
m l x x m l I m x l m gl K T B                       Equation 55 
 
We assumed small vibrations and small angle changes allowing the substitution: 
 
cos 1 and sin   
 
Neglecting the higher order terms, the equations reduces to: 
.
( ) ( ) ( ) 0
2 1 2 2 2 1 1 1




2 2 2 2 2 2 2 1 0
m lx m l I m gl K B T                   Equation 57 
 




            
..
2
             
.
1
x x              
..
2
x x  
                                                          Equation 58 
Where, 
  Is the angular displacement 
.
  Is the angular velocity 
..
  Is the angular acceleration 
x  Is the linear displacement 
.
x Is the linear velocity 
..




( ) ( ) ( ) 0
2 1 2 2 2 1 1 1




2 2 2 2 2 2 2 1 0
m lx m l I m gl K B T                   Equation 60 
 
Equation 58 can be rewritten as fallowing:   
.
2 1 1( ) ( )
2 2 1( ) ( ) ( )2 1 2 1 2 1
.
12 1 1 1
2 2 1( ) ( ) ( ) ( ) ( )2 1 2 1 2 1 2 1 2 1
m l k B
x x w x w
m m m m m m
m l k B k B
x x x w w
m m m m m m m m m m


   
  
   




                                                                                                                                       Equation 61 
Substituting equation 60 in equation 59 and simplify to get equation 63 
 
    
.1 22 1 1 1 ( )2 1 2 22 2 2 2 1 0( ) ( ) ( ) ( ) ( )2 1 2 1 2 1 2 1 2 1
m l k B k B
m l x x w w m l I m gl K B T
m m m m m m m m m m
  
 
             
      
 
                                                                                                                                       Equation 62 
 
.2( ) 22 2 1 2 1 2 1 2 1
2 22 2 2 2 1 2 1 0( ) ( ) ( ) ( ) ( )2 1 2 1 2 1 2 1 2 1
m l m lk m lB m lk m lB
m l I x x w w m gl K B T
m m m m m m m m m m
                  
  
                                                                                                                                       Equation 63 
Equation 63 can be simplifies as: 
 
.2( ) 2 1 2 1 2 1 2 122
2 2 22 1 2 1 0( ) ( ) ( ) ( )( ) 2 1 2 1 2 1 2 12 1
m lk m lB m lk m lBm l
m l I x x w w m gl K B T
m m m m m m m mm m
 
 
                   
 










   
  
as „A‟ for simplified representation of the equations. 
 
 . 2 22 1 2 1 2 1 2 1 2 0
2 1 1
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       
 
2 2 2
1 2 2 2 2 22 1 2 1 2 11 1
2 1 12 2 2( ) ( )( ) ( ) ( )2 1 2 12 1 2 1 2 1( ) ( ) ( )2 1 2 1 2 1
.2
2 02 1 1
2 ( )( ) 2 12 1( )2 1
m l m gl K m lBm l k m l B m l kk B k
x x x w
m m A m m Am m m m m mA m m A m m A m m
m lTm l B B
w
m m Am mA m m
 
     
             
               
 
   
  
 
                                                                                                                                       Equation 66 
 
Representing equations 64 and 65 in state space representation, we arrive at 
     
 
0 1 0 0
2 2
11 2 2 22 1 2 1 1 2 2
2 2( ) ( ) ( ) ( )2 2 1 2 1 2 1 2 1 1( ) ( )2 1 2 1
1 0 0 0 1
12
2 22 1 2 1 2
( ) ( )2 1 2 1
x m l m gl K xm l k m l Bk B m lB
m m m m m m A m m Ax xA m m A m m
m gl Km lk m lB B
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        The above state space representation can be used to used to obtain the transfer functions 
needed for evaluation using MATLAB or equations 22 and 24 can be used directly to obtain the 
transfer functions x(s)/w(s), θ(s)/w(s) etc. Time delays can be added to the transfer function 
based on experimental data and observations. Time delay of 60 milliseconds was used for 
frequencies below 6 Hz and time delay of 110 milliseconds was used for frequencies above 6 Hz   
based on experimental observations. The controller used was a gain controller. The figure below 




Figure 22: Muscle model with controller and time delay element in feedback loop 
 
2.4 Input Data for the Models: 
All the input parameters for the models including stiffness, damping coefficient, mass, 
inertia were taken from different sources. The table 2 (Table 2) shows the range of values for 
each parameter and the source from which the parameters were selected. Literature survey was 
done to investigate different models and parameters were selected based on the similarities in 
experimental and modeling conditions. The mass of head, arm and trunk were lumped into upper 
body mass. The mass of legs and pelvis was lumped as lower body mass. The mass of spine was 
added as upper body mass. The inertial of the upper body mass were based on studies from Pope, 
Cholewicki, and Bluthner. Lumbar spine length was based on model developed by Pope. The 
stiffness and damping properties of the spine were based on studies by Griffin, Pope, Rosen, and 
Wei.  The erector spine muscle group was represented in this model and the muscle properties 











Value Used source 
Seat Stiffness (K1) (N/m) 40000-
75000 
65000 Broman, Pope, Hanson 
[131] 
Seat Damper  (C1)  
(Ns/m) 
1000 1000 Broman, Pope, Hanson 
[131] 
Upper body mass (m1) 
(kg) 
20 20 Broman, Pope, Hanson 
[131] 
Lower Body Mass (m2) 
(Kg) 
45 45 Broman, Pope, Hanson 
[131] 
Inertia Element of 
Mass2 I (kgm^2) 





Rotational Stiffness (K) 
(Nm/rad)  
5000-30000 25000 Broman, Pope, Hanson 
[131] 
Rotational Damper (C) 
(Nms//rad) 
100 100 Broman, Pope, Hanson 
[131] 
Spine Stiffness (K2) 
(N/m) 
 
5000-30000 25000 Wei And Griffin [115] 
Rosen and Arcan [134] 
Spine Damper (C2) 
(Ns/m) 
500-1500 1000 Wei And Griffin [115] 
Rosen and Arcan [134] 
Lumbar Spine length l 
(m) 
 
.32 .32 Broman,Pope, 
Hanson[131] 
Muscle Length and 
distance from spine 
(cms) 
3 and 6 3 and 6 Bergmark [130] 
 
Table 2: Table showing the range of values selected for each parameter and the source 
 
2.5 Validation of the models: 
The model data was validated by comparing the predictions of the model data with the 
experimental data. The spine acceleration transmissibility (TF1) was also validated against the 
model results predicted by Padden[135]. The acceleration induced lumbar rotations (TF2) was 
validated based on experimental results and by comparing the results predicted by the basic 
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model and the model with muscle parameters included. Muscle activity due to input acceleration 
(TF3) and lumbar rotations induced muscle activity (TF4) were validated based on the 
experimental studies. One limitation with the experimental study was equipment limitation at 
lower frequencies. No experimental data was available for frequencies below 3 Hz. It should be 
noted that it is not always possible to match the experimental results with the model results 
because of many reasons, but all models will have a domain of validity, which defines variation 
of results from experiments and models.  
2.6 Parametric Analysis: 
 Parametric analysis was conducted by varying the input parameters (individually) in 10% 
range to observe the sensitivity of models to changes. The spine stiffness was varied between 15 
KN/m and 30 KN/m and the transmissibility functions (TF1-4) were calculated to observe the 
effect of altered parameters on model predictions. 
 
2.7 Evaluation of error between the model and experimental results:  
Root mean squared error and mean errors were calculated between the experimental 
results and model results to visualize the deviation between the experimental results. Root mean 
squared error is the most commonly used measure of the differences between values predicted by 
model and the values obtained experimentally. Mean error is the average of the error between the 
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The transmissibility functions (TF1 ~ TF4) were assessed experimentally and simulated using 
the model. The results from experiment and model were compared to assess the validity of the 
model. Inter-subject variability was observed in all the transmissibility functions calculated 
experimentally (Figure 49-52) at all magnitudes and back rest conditions. 
3.1 Trunk Acceleration Transmissibility Function (TF1): 
 
TF1, the magnitude of vibration transmissibility from seatpan accelerometer to trunk 
accelerometer as assessed experimentally in both with and without backrest conditions. The 
trunk acceleration transmissibility was found to gradually reduce with the increasing in 
frequency. A minor peak was observed at a frequency of 6 Hz with a back-rest and a minor peak 
was observed at a frequency of 5 Hz without a backrest. It can be observed that the 
transmissibility was found to be higher in presence of backrest compared to no backrest. The 
average transmissibility was found to vary by 8.14% between 1 RMS and 2 RMS for with back 
rest condition and by 41.45% between 1 RMS and 2 RMS for with no back rest condition. TF1 
was found to be similar at both 1 and 2 RMS m/s2 for both the with and the without backrest 
conditions, suggesting that magnitude of the vibration does not change the system dynamic 
behavior. 
Figure 24 and Figure 25, show the plots comparing the model and the „without backrest‟ 
experimental results for the trunk acceleration transmissibility. It was observed that the trunk 
acceleration transmissibility reduced gradually with the increase in frequency and the model 
results also exhibited a similar pattern. With the model it is possible to examine frequency 
response below that possible experimentally in this work. The model suggests that resonance 
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frequency of this system is likely to be lower than 2 Hz and data at lower frequencies might be 
useful for validating the model. Paddan et al. examined horizontal vibration transmissibility to 
the trunk (but not to lumbar rotation or muscle activity).  As can be seen in Figures 2 and 3, this 
data also appears to correspond to model predictions of TF1. 
 
 





Figure 24: Trunk acceleration transmissibility plot (Experimental) without backrest with 
K1=65000 N/m  
 
 
Figure 25: Trunk acceleration transmissibility plot (Experimental and model) with and 
without backrest with K1=65000 N/m 
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3.2 Vibration Induced Lumbar Rotations (TF 2): 
 
TF2 (magnitude of vibration induced lumbar rotations relative to seatpan vibration) was found to 
gradually reduce with increase in frequency both with and without the presence of a backrest 
(Figure 26). The average transmissibility was found to vary by 8.14% between 1 RMS and 2 
RMS for with back rest condition and by 41.45% between 1 RMS and 2 RMS for with no back 
rest condition. The average transmissibility was found to vary by 12.29% between 1 RMS and 2 
RMS for with back rest condition and by 31.49% between 1 RMS and 2 RMS for with no back 
rest condition. It was observed that the presence of back rest was not found to have much of an 
impact on transmission magnitude. This suggests that while the backrest does move the thorax 
more (as evidenced by TF1), trunk rocking motions are unchanged, possibly due to the stiff 
backrest resisting rotation motions of the trunk. 
 




Figure 27 compares the experimantal and model results for TF2 ( Vibration induced lumbar 
rotations). Both the experimantal and model results declined with the increase in frequency. 
However, it was observed that the model showed a steeper decrease in transmissibility compared 
to gradual decrease exhibited experimentally. 
 
Figure 27: Vibration induced lumbar rotations plot (experimental and model) 
In the model the k’ was varied from 20 to 30 KNm/rad 
 
The model exhibited a peak at a frequency of about 1.5 Hz (Figure 28). It was also observed that 
the peak shifted towards right with the increase in spine stiffness. Because the shaker used in this 
experiment could only go down to 3 Hz, it was not possible to observe whether this resonant 
peak was also present experimentally. Figure 8 shows the patterns predicted by the basic model 
and the model with muscle dynamics incorporated. Both the models exhibited a resonance at a 
frequency of about 1.5 Hz. However the rate at which the transmissibility attenuated at lower 
frequencies in the model 1 was greater than observed in model 2. Figure 9 shows the model 
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behavior for varying spine stiffness. It was observed that with the increase in spine stiffness the 
transmissibility shifter a little with a small change in the resonant frequency. 
 
 





Figure 29: Vibration induced lumbar rotations model and experimental. Model 1 is the 
basic model and model 2 is the muscle model incorporated model 
 
3.3 Muscle Activity due to Input acceleration (TF3): 
 
The magnitude of muscle activity (integrated EMG normalized to MVC) relative to seat 
acceleration (TF3) was found to exhibit a peak at 8 Hz for 2 RMS m/s
2
 and a peak at 6 Hz for 1 
RMS m/s
2
, with the presence of back rest. A minor peak was observed at 12 Hz and 11 Hz at 2 
RMS m/s
2
 and 1 RMS m/s
2
 intensities respectively. Without a backrest, TF3 was found to 
exhibit a peak at 6 Hz for 2 RMS m/s
2
 and a peak at 5 Hz for 1 RMS m/s
2
. A minor peak was 
again observed at 12 Hz and 11 Hz at 2 RMS m/s
2
 and 1 RMS m/s
2
 intensities respectively. The 
magnitude of the minor peak was lower in comparison to the major peak observed, suggesting 
that the minor peak might be because of noise rather than muscle activity. However, it could also 
be due to resonance of the reflex system, as suggested by Abraham et al.  Other than the peaks 
observed the magnitude reduced gradually with the increase in frequency. The average 
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transmissibility was found to vary by 18.97 % between 1 RMS and 2 RMS for with back rest 
condition and by 5.77 % between 1 RMS and 2 RMS for with no back rest condition. 
  
 
Figure 30: Muscle activity due to input acceleration (experimental) 
   
The model with incorporated muscle and reflex dynamics was used to examine TF3.  The model 
results were observed to follow the pattern similar to experimental results. A resonant peak was 
observed between the frequencies of 2 Hz and 3 Hz but no secondary was observed around 11-12 




Figure 31: Vibration induced muscle activity model and experimental with k’=25 KNm/rad 
 
 
3.4 Lumbar Rotations induced Muscle Activity (TF4): 
 
The Muscle activity relative lumbar rotations or the mechano-neuromotor transmissibility (TF4) 
was found to be relatively constant with the increase in frequency (Error! Reference source not 
found.). A peak was observed at 8 Hz for 2 RMS with the presence of backrest. A minor peak 
was observed at 12 Hz for 1 RMS with back rest. In the absence of backrest condition, a minor 
peak was observed at 11 Hz for 1 RMS and 2 RMS intensities. The average transmissibility was 
found to vary by 3.84 % between 1 RMS and 2 RMS for with back rest condition and by 3.93 % 





Figure 32: Lumbar rotations induced muscle activity (experimental) 
 
The model exhibited a similar pattern exhibited by experimental studies. Transmissibility was 
observed to be consistent with increasing frequency with a peak at about 4 Hz. No secondary 










3.5 Parametric Analysis: 
 
Parametric analysis was conducted by varying the input parameters (stiffness) between 15 KN/m 
and 30 KN/m.  Trunk acceleration transmissibility (TF1) (Figure 34), acceleration induced 
lumbar rotations (TF2) (Figure 35), muscle activity relative to input acceleration (TF3) (Figure 
36), muscle activity relative to lumbar rotations (TF4) (Figure 37) were calculated for varying 
stiffness. Figure 24, Figure 29, Figure 31, Figure 33 shows the variation of the experimental 
results from the mean values and the model predicted values. It can be observed that model 
response matches with the experimental results (with deviation bars).  Variation of parameters 
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was not found to have much effect at higher frequencies (frequencies > 6 Hz). Some changes in 
magnitude or shift in resonance point were observed at lower frequencies (frequencies <= 6 Hz). 
 
Figure 34: Trunk acceleration Transmissibility plot for varying spine stiffness (model) 
 





Figure 36: Vibration induced muscle activity model with varying muscle stiffness 
 
 





3.6 Evaluation of error between the model and experimental results:  
 
Root mean squared error and mean errors were calculated between the experimental results and 
model results to visualize the deviation between the experimental results. Root mean squared 
error is the most commonly used measure of the differences between values predicted by model 
and the values obtained experimentally. Mean error is the average of the error between the model 
and experimental results.   
3.6.1 Error between model and experimental results in TF1: 
The plot below (Figure 38) shows the error between the values predicted by the model and 
experimentally obtained values for trunk acceleration transmissibility without the presence of 
backrest. The RMS error was found to be 0.094 at 1 RMS magnitude and .1697 at 2 RMS 
magnitudes. The mean errors were found to be .0804 and .1554 at 1 RMS and 2 RMS intensities 
respectively. 
 





Figure 39: Deviation of experimental values for TF1 
 
3.6.2 Error between model and experimental results in TF2: 
The plot below (Figure 40) shows the error between the values predicted by the model and 
experimentally obtained values for Lumbar rotations induced due to input vibration without the 
presence of backrest. The RMS error was found to be 0.0894 at 1 RMS magnitude and 0.1905 at 






Figure 40: RMS Error for lumbar rotations due to seat pan acceleration 
 
 




3.6.3 Error between model and experimental results in TF3: 
The plot below (Figure 42) shows the error between the values predicted by the model and 
experimentally obtained values for muscle activity due to input vibration without the presence of 
backrest. The RMS error was found to be 0.0046 at 1 RMS magnitude and 0.0062 at 2 RMS 









Figure 43: Deviation of experimental results for TF3 
 
3.6.4 Error between model and experimental results in TF4: 
The plot below (Figure 44) shows the error between the values predicted by the model and 
experimentally obtained values for muscle activity due lumbar rotations without the presence of 
backrest. The RMS error was found to be 0.0268 at 1 RMS magnitude and 0.0232 at 2 RMS 





Figure 44: RMS Error for muscle activity due to lumbar rotations 
 
 




3.7 Time Delay: 
 
Time delay was measured as offset time between the maximum input and maximum output. The 
average time delay between input acceleration and lumbar rotations, nEMG and input 
acceleration, and nEMG and lumbar rotations were calculated for all seating postures. In general 
time delays at 1RMS intensities were found to be higher than time delays observed at 2RMS 
intensities. The time delay observed between lumbar rotations and the input acceleration (lumbar 
rotations lagging input acceleration) (Figure 46) without the back rest looked consistent with a 
delay of about 22 ms at 3 Hz and 30 ms at 14 Hz for 1RMS intensity. The delay was about 13 ms 
at 3 Hz and 24 ms at 14 Hz for 2RMS intensity. In the presence of a backrest the delay was 
observed to decrease with increase in frequency. The average delay was about 114 ms and 156 
ms at 3 Hz for 1RMS and 2 RMS intensities and about 13 ms and 73 ms at 14 Hz for 1RMS and 
2RMS intensities respectively. 
 




The nEMG or the muscle activity was also observed to lag the input acceleration by about 213 
ms at 3 Hz and about 44 Ms at 14 Hz for 1RMS intensity and about 161 ms at 3 Hz and about 56 
ms at 14 Hz for 2RMS intensity. In the presence of backrest, a delay of 168 ms at 3 Hz and about 
28 Ms at 14 Hz for 1RMS intensity and about 143 ms at 3 Hz and about 73 ms at 14 Hz for 
2RMS intensity. The normal trend exhibited was reduced time delay with increase in frequency 
(Figure 47). 
 
Figure 47: Time delay between muscle activity (nEMG) and input acceleration 
 
The average time delay observed between nEMG or the muscle activity exhibited and vibration 
induced lumbar rotations (Figure 48) exhibited a gradual fall pattern with increase in frequency. 
The nEMG or the muscle activity was also observed to lag lumbar rotations by about 190 ms at 3 
Hz and about 14 Ms at 14 Hz for 1RMS intensity and about 160 ms at 3 Hz and about 29 ms at 
14 Hz for 2RMS intensity. In the presence of backrest, a delay of 250 ms at 3 Hz and about 26 
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Ms at 14 Hz for 1RMS intensity and about 181 ms at 3 Hz and about 26 ms at 14 Hz for 2RMS 
intensity. The normal trend exhibited was reduced time delay with increase in frequency. 
 






3.8 Inter subject variation of transmissibility 
functions:
 


























The specific aims of this study were to:  
1. Define and experimentally measure the transmissibility functions (TF1-TF4) for 
horizontal set pan vibration with and without the presence of the back rest. 
2. Assess transmission of fore-aft vibration to the spine rotation and erector spinae muscle 
activation.  
3. Create a mathematical model of trunk motion, including flexion and extension in 
response to seatpan vibration.  
4. Incorporate the muscle and reflex dynamics into the trunk motion in order to examine 
transmissibility of vibration to neuromotor system. 
5. Study the relation between muscle activity and lumbar rotations in vibration 
environments.  
6. Use the experimental data to validate the models of trunk motion and muscle activation. 
In the present study, the transmissibility of horizontal seat pan vibration to human back was 
investigated with the help of a mathematical model and experimental studies for a frequency 
range of 3 Hz to 20 Hz. The assessment was done with by defining 4 transmissibility functions, 
trunk acceleration transmissibility (TF1), lumbar rotations due to input acceleration (TF2), 
muscle activity due to input acceleration (TF3) and muscle activity due to lumbar rotations 
(TF4). The time delay between the peak input and output were investigated experimentally. The 
experimental study was conducted with and without the presence of backrest at intensities of 1 
RMS and 2 RMS. For a single muscle group (erector spine) muscle dynamics were added to the 
model. The results have shown that human response in vibration environment is complex and 
dependent on multiple variables. Understanding neuromotor transmission of whole body 
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vibration to the paraspinal muscles can help us understand a possible mechanism for lower back 
injury.  
4.1 Trunk Acceleration Transmissibility (TF1) 
 
Trunk acceleration transmissibility (TF1) was the ratio of acceleration measured at thoracic 
spinous process or T10 to the input horizontal seat pan vibration. The transmissibility was 
measured with and without the presence of back rest condition at intensities of 1 RMS and 2 
RMS. The trunk acceleration transmissibility was found to decrease with increase in frequency 
which was consistent with the model results. A drop in trunk acceleration transmissibility from 
1.6 at 3 Hz to .6 at 14 Hz and 0.6 at 3 Hz to .15 at 14 Hz was observed with and without the 
presence of back rest. Some insignificant peaks were observed (experimentally) in between the 
frequencies, but they can be attributed to the disturbances and noise in the signal.  
The model exhibited a similar pattern exhibited by the experimental results with no resonance 
pattern between 3 Hz and 14 Hz. The model predictions were also consistent with Paddan‟s 
experimental data between 0.2 Hz to 16 Hz [135]. The limitations of electrodynamic shaker 
constrained the minimum experimental frequency to 3 Hz and so no resonance phenomenon was 
observed experimentally. The natural frequency in horizontal vibrations has been predicted to be 
about 2 Hz. In vertical vibration the natural frequency was found to be at about 4 Hz. The 
experimental and model results were consistent with literature. Paddan and Griffin [135] based 
on their studies concluded that horizontal seat motion results in head motion within the mid-
sagittal plane. Without the presence of back rest the transmissibility of fore aft vibration was 
greatest at about 2 Hz. They also observed a minor peak between 6 Hz and 8 Hz. The results of 
head motion seemed to reduce with increase in frequency which was consistent with literature. 
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The model in the current study has a peak pattern below 2 Hz and a gradual decrease in 
transmissibility thereafter. Experimental observation of the trunk acceleration transmissibility 
below 3 Hz was not possible due to the limitations of the shaker. 
It was observed that the presence of back rest had little effect on transmissibility to head. 
However in the current study it was observed that magnitude of transmissibility was found to 
depend of presence of back rest. The back rest used the study was a short backrest unlike the 
high backrest used in the current study which provided complete support in the thoracic region. 
The back rest condition, experiment protocol and excitation intensity can all be accounted for 
minor differences in transmissibilities in the two studies. The study by Barnes and Rance [136] 
showed the similar pattern of results in the current study and the presence of backrest induced 
greatest [41] back motion between 5 Hz and 10 Hz.  
The trunk acceleration transmissibility measured during vertical seatpan vibration by Abraham 
[107, 111]  showed a peak transmissibility of 1.48 and .94 at 4 Hz and the transmissibility 
reduced gradually thereafter with increase in frequency. With no back rest condition the 
transmissibility was found to be between 1.2 and 1.3 compared to a transmissibility of 0.5 to 0.6 
in fore aft direction suggesting that more vibration is transmitted to lower back in vertical 
direction compared to horizontal direction in the frequency range of 3 Hz to 14 Hz. This 
attenuation can be due to soft tissues at the vibration transmission parts in the body. 
 
4.2 Vibration Induced Lumbar Rotations TF2: 
 
Studies have shown that vibration input in seated subjects can result in both linear and rotational 
movement of spine [41]. The spinal extension corresponds to anterior motion of the seat and 
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spinal flexions correspond to backward or posterior motion of the seat. In horizontal seat pan 
vibration, the fore aft movement of the thorax relative to the pelvis (which receives the input 
vibration) leads to the rotational movement of the spine. An electrogoniometer was used to 
record these anterior and posterior cycles. Based on the recordings of the electrogoniometer and 
the input vibration, TF2 was calculated as the ratio of lumbar rotations to input acceleration   
(deg/ms^-2). The magnitude of the lumbar rotations due to input acceleration was observed to 
reduce with increase in frequency. An average of 78% reductions in the magnitude of 
transmissibility was observed between 3 Hz and 14 Hz.  The model also exhibited a similar 
pattern. The experimental results exhibited a pattern of gradual decrease in magnitude with 
increase in frequency. However the model showed a steep decrease in magnitude beyond 4 Hz. 
There was no peak or resonance pattern exhibited in the experimental study. 
The model exhibited a significant peak with a magnitude greater than 1 at frequency of about 
1.75 Hz. This is below 3 Hz experimental limit. It was observed that the magnitude of 
transmissibility shifted slightly with increase in spine stiffness. The model results were 
consistent with the literature. Yaw axis vibration of the body produces head vibration in all three 
rotational axes of the head [41]. Barnes and Rance[136] found a maximum fore-aft head 
response at 2 Hz when the subjects were un restrained with rapid drop at frequencies above 4 Hz. 
This attenuation can be attributed to the soft tissues in the vibration transmission zones in the 
body which reduce the linear motion and lumbar rotation. 
The backrest serves as an additional input for lumbar rotations. This is because of the fact that 
the backrest can yields considerable interaction with the upper body. However, it was observed 
that the presence of backrest did not have much of impact on transmission magnitude. This 
suggests that while the backrest (the back rest design in the current study was such that it 
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restrained the posterior movement of the upper body but not the anterior movement) does move 
the thorax more (as evinced by TF1), trunk rocking motions are unchanged, possibly due to the 
stiff backrest resisting rotation motions of the trunk.  
At lower frequencies the magnitude of trunk acceleration transmissibility (TF1) was greater 
compared to the vibration induced lumbar rotations (TF2) (significantly with the presence of 
backrest). This suggests that movement of thorax was greater than the movement of the pelvis at 
lower frequencies. The hypothesis that the cyclic movement of the spine (flexion-extension) can 
be diminished by the backrest was disproved at lower frequencies. 
The Lumbar rotations induced by input vibration in vertical direction by Abraham showed that 
the transmissibility declined with increase in frequency after a peak at 4 Hz. However the 
magnitude of transmissibility was much smaller compared to the magnitudes observed in fore-aft 
vibration proving that more rotational vibration is transmitted to the lumbar spine in seated 
posture by fore aft vibration compared to vertical vibration [41]. If the rotations prove to be more 
hazardous than the extension-compression of the spine, this could lead to the conclusion that 
horizontal vibrations are more dangerous despite their overall high attenuation. 
4.3 Vibration Induced Muscle Activity TF3: 
 
Muscle activity was quantified using electromyography (EMG). The ratio of normalized, 
integrated electromyography (nEMG) to the input vibration was used to enumerate the vibration 
induced muscle activity. The peak to peak nEMG exhibited peaks at 8 Hz and 6 Hz for 
intensities 2 RMS and 1 RMS with the presence of backrest, and at 6 Hz and 5 Hz for intensities 
2 RMS and 1 RMS without the presence of backrest. A significant dip was observed between 4 
Hz and 5 Hz at all intensities and backrest conditions. The magnitude at peaks observed were 
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smaller than or equal to the magnitude at 3 Hz. Minor peaks were observed between 10 Hz and 
13 Hz frequencies. The model predictions were similar to experimental predictions at lower 
frequencies with a peak observed at about 2.5 Hz. However no secondary peak was observed in 
the model predictions as found in experimental results. The magnitude of the secondary peaks 
was lower compared to the major peaks, suggesting that the minor peak might be because of 
noise rather than muscle activity. However it could also be due to resonance of reflex system as 
suggested by Abraham et al[111] The muscle could be acting as a biomechanical feedback 
element and opposing trunk forces as suggested by Seroussi et al[137]. Abraham‟s experiment in 
vertical direction showed a resonant peak between 4-6 Hz which was a result of greater muscle 
activity at the regions of trunk resonance. With the variation the muscle stiffness in the model the 
slight shift is resonance peak was observed. 
 
 
4.4 Muscle Activity due to Lumbar Rotations TF4: 
 
The response of erector spine muscle group to vibration induced, lumbar rotations was found to 
be relatively constant with a peak at 8 HZ for 2 RMS (ms^-2) with the presence of backrest. . A 
minor peak was observed at 12 Hz for 1 RMS with back rest. In the absence of backrest 
condition, a minor peak was observed at 11 Hz for 1 RMS and 2 RMS intensities. The model 
exhibited a very similar pattern with a resonant peak at about 4 Hz. No secondary peaks were 
exhibited by the model as observed in the experimental study. The minor peaks observed at 
higher frequencies might be because of internal resonance of the neuromuscular system. It 
should also be considered that the vibration transmission at higher frequencies is attenuated so 
the lumbar rotations and the EMG activity recorded are more susceptible to noise.  It can be 
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observed that TF2 and TF3 show a similar transmissibility pattern. If the lumbar rotations were 
to influence muscle activity directly, then TF4 should have been an almost constant line over the 
range of frequency. However minor peaks were observed suggesting that there might be some 
other additional factors influencing the muscle activity. Abraham[111] suggested that the 
additional factors might include modes of reflex activation outside the lumbar rotation or internal 
resonance of the neuromotor feedback loop due to delay in the circuit timing (nonlinear 
frequency response). When a activated muscle experiences a length change by an external 
source, a reflex can be activated resulting in a increased activation of the muscle [137]. This is 
stretch reflex. It is this reflex which was incorporated in this model. The cyclic variation of the 
EMG with vibration can cause the repetitive muscle activation from this stretch reflex activation 
[137]. Abraham‟s study in vertical direction showed a peak 4 Hz to 6 Hz and at 10 Hz. It was 
suggested that the peak at 4 to 6 Hz was due to effect of axial vibration transmission or the effect 
of response feedback loops such as voluntary control. The secondary peak was attributed to 
internal resonance of the neuromuscular system[111]. The secondary peak in our current study 
could also be attributed to internal resonance of neuromuscular system although noise signals 
artifact is also possible. The parametric study of muscle stiffness showed an increase in 
magnitude but no shift in peak resonance was observed. 
4.5 Time Delay: 
 
Time delay was measured as offset time between the maximum input and maximum output. The 
nEMG or the muscle activity was also observed to lag the input acceleration by about 213 ms at 
3 Hz and about 44 Ms at 14 Hz for 1RMS intensity and about 161 ms at 3 Hz and about 56 ms at 
14 Hz for 2RMS intensity. In the presence of backrest, a delay of 168 ms at 3 Hz and about 28 
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Ms at 14 Hz for 1RMS intensity and about 143 ms at 3 Hz and about 73 ms at 14 Hz for 2RMS 
intensity. The average time delay observed between nEMG or the muscle activity exhibited and 
vibration induced lumbar rotations exhibited a gradual fall pattern with increase in frequency. 
The nEMG or the muscle activity was also observed to lag lumbar rotations by about 190 ms at 3 
Hz and about 14 Ms at 14 Hz for 1RMS intensity and about 160 ms at 3 Hz and about 29 ms at 
14 Hz for 2RMS intensity. In the presence of backrest, a delay of 250 ms at 3 Hz and about 26 
Ms at 14 Hz for 1RMS intensity and about 181 ms at 3 Hz and about 26 ms at 14 Hz for 2RMS 
intensity. It should be noted that at higher frequencies the magnitude of lumbar rotations and 
nEMG were small, making more room for noise and other disturbances. Also the sensitivity of 
the goniometer was relatively low. As a result, the time delays determined experimentally might 
be prone to some error. Based on the hypothesis that vibration induced lumbar rotations induces 
the muscle activity, it can be suggested that there is a transition from voluntary to reflex-
modulated erector spinae muscle response. Voluntary feedback systems are associated with 
longer time delays compared to monosynaptic reflexes[126]. Abraham‟s study in vertical 
direction also showed the time delays in a similar pattern. In the model time delay of 60 ms was 
used for lower frequencies (<= 6 Hz) and a time delay of 110 ms was used for frequencies 
greater than 6 Hz. 
4.6 Limitations and Future Work: 
 
There were a number of limitations in this work. First the rigid backrest data was collected but 
not modeled in this current study. Also experiments were conducted using a high rigid backrest 
condition. Other back rest orientations (low backrest, inclined backrest) should be investigated. 
Second, due to the limitations with the electrodynamic shaker, experimental studies were not 
investigated at lower frequencies (< 3Hz). Experimental investigations below 3 Hz would be 
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helpful for further predictions. In the model single muscle group was represented. Erector spine 
muscle group was represented in this model. There is a need to include multiple muscle groups. 
Internal and external obliques, rectus abdomens, hip muscles are few groups that can be 
included. Finally the model examines fore-aft vibration. A vertical vibration model needs to be 
developed for further investigations. Response for random or mixed frequencies should also be 
investigated experimentally. Further studies should investigate to see if muscle properties change 




Transmissibility of fore-aft vibration to the low back experimentally and in the model was found 
to be consistent with previous literature. The mechanical model of trunk dynamics was found to 
have similar transmissibility and lumbar rotations as were observed experimentally. Vibration 
induced muscle activity and mechano-neuromotor transmission due to lumbar rotations were 
assessed and represented in the model. Muscle activity in fore-aft vibration was found to 
correspond to lumbar rotation with delays that suggest a transition from voluntary to reflex-
modulated erector spinae muscle response. Understanding the transmission of vibration to 
neuromotor system is very important and helps in assessing a possible mechanism for lower back 
injury. Even though the model developed in the study is a simple model with a single muscle 
group incorporated, it is very important to understand the fundamentals before we can increase 
the complexity of the model. Human body modeling is complicated. The numbers of parameters 
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